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(71) We, UNION CARBIDE COR- 
PORATION, a corporation organised 
and existing under the laws of the 
State of New York, United States 

5 of America, of 270, Park Avenue, 
New York, State of New Yoik, 10017, United 
Slates of America (assignee of ROY LAV- 
ELLE PRUETT and JAMES ALLBEE 
SMITH), do hcrday declare the invention, 

10 for which we pray that a patent may be 
granted to us, and the method by which it 
is to be perfomed, to be particularly des- 
cribed in and by tfie following statement: — 
This invention relates to an improvement 

15 in the Oxo process for preparing oxygenated 
products comprising aldehydes using rhod- 
ium in complex combination with carbon 
monoxide and triorgano phosphorus ligands 
as the catalyst therefor. 

20 Processes directed to the production of re- 
action mixtures comprising substantial 
amounts of aldehydes and at times lesser 
amounts of alcohols by the reaction of ole- 
finic compounds with carbon monoxide and 

25 hydrogen at elevated temperatures and pres- 
sures in the presence of certain catalysts are 
well-known in the art. The aldehydes and 
alcohols produced generally correspond to 
the compounds obtained by the addition of a 

30 carbonyl or carbinol group to an olefinic- 
ally unsaturated carbon atom in the starting 
material with simultaneous saturation of the 
olefinic bond. Isomerization of the olefin 
bond may take place to varying degrees 

35 under certain conditions with the subsequent 
variation in the products obtained. Such pro- 
cesses are generally known in industry under 
varying names such as Oxo process or re- 
action, oxonation, and/or hydroformylation. 

40 One disadvantage of prior art hydro- 
formylation processes is their dependence 
upon the use of catalysts such as cobalt octa- 
carbonyl which require exceptionally high 
operative pressures to maintain such catalysts 

45 in their stable form. Another disadvantage is 
the diffiodty in obtaining hydroformylation 
products which have a x^latively high nor- 
mal to branched-chain isomer ratio. 

._.ro-' ' 



In British Patent Specification No. 
1197847 there is disclosed a novel process 50 
for preparing oxygenated products compris- 
ing aldehydes which have hi^ normal to 
iso- or branched-chain isomer ratios. Such 
process involves using certain rhodium com- 
plex compounds to effectively catalyze, in the 55 
presence of triorganophosphorus ligands, the 
0x0 reaction whereby olefinic compomids 
are reacted with hydrogen and carbon mon- 
oxide under a defined set of variables. Not- 
ably such variables include (1) tiie rhodium 60 
complex catalyst, (2) the olefinic feed, (3) the 
triorganophosphorus ligand and its concen- 
tration, (4) the relatively low temperamre 
range, (5) the relatively low total gas pres- 
sure, and (6) the partial pressures exerted by 65 
hydrogen and carbon monoxide. 

The catalysts which are contemplated in 
the process described in the aforesaid British 
Patent Specification include a wide variety 
of compounds which consist essentially of 70 
rhodium in complex combination with car- 
bon monoxide and well-defined triorgano- 
phosphorus ligands as exemplified by tri- 
phenylphosphine. A typical active cataljruc 
species is hydrocarbonyltris(triphenylphos- 75 
phine)rhodium(I) which has the fonnula 
HRh(CO)(P<^3)^. The process is likewise 
effected in the presence of an excess of the 
triorganophosphorus ligand which can be 
considered, if desired, as a modifier or co- 80 
catalyst and/or diluent. By the practice of 
such process there is obtained, as indicated 
previously, an unexpectedly high normal/iso 
ratio of aldehydic products at commercially 
attractive reaction rates and efficiencies. 85 

It is well known that rhodium (as an ele- 
ment or in compoimd form) is exceedingly 
expensive. Consequently, a successful com- 
mercial 0x0 process based on rhodium com- 
plex catalysts must be extremely efficient. 90 
The operation of such process shotdd not re- 
sult in the loss of rhodium, or necessitate 
frequent regeneration of rhodium and/or 
rhodiimi-containing compounds to the suit- 
able complex catalytic form. 95 

Additionally, the expensive rhodium corn- 
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plex should remain dissolved in the reaction 
medium and thus be available to the re- 
actants during the initial as well as the re- 
cycle contacts. Obviously, a commercial Oxo 

5 process based on rhodium complex catalysts 
would be subjected to severe inefficiencies 
and economic drawbacks, if not economic 
failure, should the rhodium-containing cat- 
alyst slowly disengage itself from solution as 

10 by precipitation, reduction to rhodium metal, 
etc. 

A very real reason was present, therefore, 
to introduce the potential or active sp)ecies 
into the Oxo reaction zone as a solution in 

15 an organic vehicle. The active catalyst, as is 
known in recent literature, can be preformed 
and then introduced into the reaction mix- 
ture media, or the active catalyst species can 
be prepared in situ during the hydroformyla- 

20 tion reaction. As an example of the latter, 
(2,4 - pentanedionato)dicarbonylrhodium(I) 
can be introduced into the reaction zone 
where, under the operative conditions there- 
in, it reacts with the triorganophosphonis h'g- 

25 and, e.g., iriphenylphosphine, to thus fonn 
active catalyst such as hydridocarbonyltris- 
(triphenylph'osphine)rhadium(I). 

In the process set out in the aforesaid 
British Patent Specification it is stated that 

30 the use of normally-liquid inert organic sol- 
vents may be desirable and practical in the 
practice of the described process. Illustrative 
of organic solvents would include toluene, 
xylene, pyridine, tributylamine, 2 - methyl - 

35 5 - ethylpyridine, diethyl succinate, methyl 
isobutvl ketone, t-butanol, 1-butanol, ethyl 
benzoate, tetralin, acetoniirile, mixtures of 
benzonitrile and tetralin, and others. Though 
relatively high ratios of normal/iso isomers 

40 of aidehydic product were obtained in such 
hydroformyladon reactions, eventually the 
product mixture at the termination 
of the reaction, either at room 
temperature or at the chosen operating tem- 

45 perature of, for example, 80^C., was either 
slightly cloudv in nature or noticeable pre- 
cipitati<»i had occurred. Elemental analyses 
indicate that such solids (cloudiness or pre- 
cipitate) contain rhodium. In some instances 

50 it would appear that "pol>'meric" rhodium 
complex solids had formed; in other in- 
stances, the solids were similar to an active 
form of the rhodium complex species. Such 
solids could become lost in the system, de- 

55 posit in small crevices, plug valves, etc. Ob- 
viously, a truly and efficient commercial Oxo 
operation could not tolerate the loss of even 
small quantities of rhodium. 

A further disadvantage of introducing the 

60 rhodium species as a solution in an extrane- 
ous organic liquid was the obvious require- 
ment of separating the oxygenated product 
from such organic liquid. The initial intro- 
duction into the Oxo reaction zone of a cat- 

65 ahiic solution in extraneous organic liquids 



is feasible. However, a truly conimercially 
based Oxo operation demands continuous or 
intermittent catalyst introduction which can 
be fresh catalyst, regenerated catalyst, or 
catalyst contained in a recycle stream. 70 
Eventually, therefore, the separation or re- 
solution of oxygenated product and extrane- 
ous organic liquid represents a disabib'ty 
which must be taken into account when calcu- 
lating the over-all economics of the com- 75 
mercial process. 

Thus, it was quite unexpected and im- 
obvious indeed to discover that active rhod- 
ium complex compound could be introduced 
into the hydroformylation zone as a solution 80 
in a complex mixture of high boiling liquid 
condensation products. Moreover, not only 
did the hydrofomiylation reaction result in a 
high ratio of normal/iso isomer distribution 
of aidehydic product over extended period of 85 
times, but also the continuous recycling of 
the rhodium species in substantial quantities 
of such condensation products did not result 
in any noticeable precipitation of the rhod- 
ium in one form or another. In addition, no 90 
discernible loss in the life of the catalyst was 
detected over extended periods of operation. 
In addition, the use of such condensation 
products as the media to solubilize the 
rhodium-containing catalyst is advantageous 95 
from the standpoint that extraneous organic 
liquids can be excluded entirely from the 
hydroformylation zcme, if desired. Since the 
instant novel process also contemplates the 
use of excess or free triorganophosphonis lOO 
ligand in the reaction medium, it was rather 
surprising to also observe that the rhodium 
complex catalyst maintained its activity and 
solubilitv in a solution of such dissimilar 
liquids over long periods of continuous opera- 105 
tion. 

According to the present invention there 
is provided a continuous hydroformylation 
process for the production of oxygenated 
products rich in normal aldehydes which 110 
comprises reacting (1) an alpha olefin of 2 
to 20 carbon atoms; (2) with carbon mon- 
oxide and hydrogen; (3) in the presence of a 
catalytic quantity of a complex catalyst con- 
sisting essentially of rhodium in complex 115 
combination with carbon monoxide and a 
triorganophosphonis ligand, each organo 
moiety being monovalentiy bonded to the 
phosphorus atom through a carbon atom or 
an aliphatic eiheric oxygen atom, said phos- 120 
phorus atom possessing one available pair of 
electrons, said triorganophosphonis ligand 
having a A HNP value of at least 425; and 
(4) at least 2 mols of free triorganophos- 
phonis ligand as defined above per mol of 125 
rhodium; (5) at a temperature in the range 
of from 50°C. to 145 °C.; (6) at a total pres- 
sure of carbon monoxide and hydrogen of 
less than 450 psia; and (7) a partial pressure 
attributable to carbon monoxide no greater 130 
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than 75 percent of said total pressure; the 
hydroformylation being conducted in the 
presence of high boiling liquid condensation 
products as hereinafter defined rich in hy- 

5 droxyiic compounds, as a solvent for said 
rhodium complex catalyst. 

Preferably, the process is carried out for 
a period of time sufficient to hydroformylatc 
said «-olefin thereby producing aldehydic pro- 

10 ducts rich in the nomial aldehyde isomer and 
which have one more carbon atom than said 
cr-olefinic neactant. 

It is also preferred that the phosphorus 
atom of the triorganophosphorus ligand is 

13 trivalent and in which each organo moiety is 
composed of (i) carbon and hydrogen atoms, 
or (ii) carbon, hydrogen, and aliphatic 
etheric oxygen atoms. 

For the sake of brevity and explanation 

20 purposes, let us consider the hydroformyla- 



tion reaction of propylene to yield oxygen- 
ated products which contain a high nor- 
mal/iso ratio of but>Taldehydes. The oper- 
ative conditions of such hydroformylation 
process are substantially similar to those 25 
described in the aforesaid British Patent 
Specification. That is to say, one is dealing 
with a relatively low pressure, rhodium com- 
plex catalyzed hydrofoimulation reaction that 
is quite efficient and, under the mild oper- 30 
ative conditions employed, fonns small quan- 
tities of by-products. However, the aldehydic 
products being reactive compounds them- 
selves slowly undergo condensation reactions, 
even in the absence of catalysts and at com- 35 
paratively low temperatures, to foim high 
boiling liquid condensation products. Some 
aldehyde product, therefore, is involved in 
various reactions as depicted below using n- 
butyraldehyde as an illustration: 40 
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CH3CH2CH2CHCHCH2CH3 
CH2OH 



(dimer V) 



CH3CH2CH2COP 
CH3CH2CH2CHCHCH2CH3 
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'CH2OCCH2CH2CH 3 



2 aldoI I 



(tetramer VI) 

In addition, aldol I can undergo the following reaction: 

OH 

. CH3CH2CH2CHCHCH2CH3 

OH 

I { 

COOCH2CHCHCH2CH2CH3 
CH2CH3 



(tetramer VII) 
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The names in parentheses in the afore- 
illustrated equations, aldol I, substituted 
acrolein II, trimer III, trimer IV, dimer V, 
tetramer VI, and tetramer VII, are for con- 

5 venience only. Aldol I is formed by an aldol 
condensation; trimer III and tetramer VII 
are fomied via Tischenko reactions; trimer 
IV by a transesterification reaction; dimer V 
and tetramer VT by a dismutation reaction. 

10 Principal condensation products are trimer 
III, trimer IV, and tetramer VII, with lesser 
amounts of the other products being present. 
Such condensation products, therefore, con- 
tain substantial quantities of hydroxylic com- 

15 pounds as wimesscd, for example, by tri- 
mers III and IV and tetramer VII, 

It is highly desirable to maintain the sub- 
stituted acrolein II at low concentrations, 
e.g., below about 5 weight per cent, since 

20 it has been observed that a build-up of this 
product tends to curtail the life of the 
rhodixim complex catalyst. Resolution of the 
components comprising the high boiling hquid 
condensation products can be accomplished 

25 via conventional techniques. 

Recent publications actually teach away or 
avoid mentioning the use of substantial quan- 
tities of hydroxylic compounds or carboxylic 
compoimds as a solvent for Oxo catalysts 

30 comprised of rhodium in complex combina- 
tion with carbon monoxide and triorgano 
phosphorus Hgand. Thus, in Belgium Patent 
No. 714,275, the following is stated: 

The liquid media is preferably not a 
35 hydroxylic compound, e.g., an alcohol 

such as butanol, or a carboxylic com- 
pound such as propionic acid, since this 
class of compotmds reaas with the alde- 
hyde products or by-products of the re- 
40 action. It is preferred that the solvent 

contain no more than 5 per cent by 
weight, or more preferably no more 
than 2 per cent by weight of hydroxylic 
compounds. 

45 In U.S. Patent No. 3,239,566 issued March 
8, 1966, the patentees in discussing the use 
of solvents state die following: 

However, the use of solvents which are 
inert, or which do not interfere to any 

50 substantial degree with the desired 

hydroformylation reaction under the 
conditions employed, may be used with- 
in the scope of the invention. Saturated 
liquid hydrocarbons, for example, may 

55 be used as solvent in the process, as 

well as ketones, ethers, and tiie like. 

In a preferred embodiment, the invention 
resides in the discovery that the expensive 
rhodium complex species can be introduced 
60 into the hydroformylation zone as a cat- 
alytically active solution in high boiling 



liquid condensation products with or with- 
out triorganophosphorus ligand. These higji 
boiling liquid condensation products result 
from tiie condensation reactions of Q to C20 65 
alkanals, preferably C3 to Qo alkanals. Such 
reactions include the aldol condensation, 
Tischenko, transesterification, and/or dis- 
mutation reactions illustrated previously. The 
high boiling liqxiid condensation produas 70 
thus represent a complex mixture containing 
significant quantities of the appropriate tri- 
mer III, trimer IV, and/or tetramer VII as 
well as lesser amounts of the appropriate 
aldol I, substituted acrolein II, dimer V, 75 
and/or tetramer VI. As indicated previously, 
it's highly desirable that substituted acrolein 
II be kept at low concentrations. The re- 
solution of various components in this com- 
plex mixture of condensation products can 80 
be effected via well-known techniques. Thus, 
various minor components can be removed 
from the mixture if so desired. 

The high boiling liquid condensation pro- 
ducts can be preformed and then used as a 85 
solvent medium for introducing the rhodiimi 
species into the hydroformylation zone. High 
boiling liquid condensation products also can 
be recovered from the stripping operation as 
residue products which can be used as the 90 
solvent medium for so carrying the rhodiimi 
species into the hydroformylation zone 

In general, it oftentimes may be desirable 
to employ a solution of high boiling liquid 
condensation products and triorganophds- 95 
phorus ligand as the solvent medium for the 
rhodium species. Such solutions can contain 
significant quantities of the triorganophos- 
phorus ligand, e.g., up to about 35 weight 
per cent and higher if so desired. In cer- 100 
tain instances, it may also be desirable to 
use minor amounts of an organic cosolvent 
which is nonn ally-liquid and inert during the 
hydroformylation process, e.g., toluene or 
cyclohexanone. 105 

In anotlier preferred embodhnent, we 
have discovered that a solution of the 
rhodium species in high boiling liquid con- 
densation products witii or without triorgano- 
phosphorus ligand with or without aldehydic 110 
product(s) (resulting from the hydroformyla- 
tion reaction) can be recovered from the 
hydroformylation system and continuously or 
intermittentiy recycled to the hydroformyla- 
tion zone ever extraordinarily long periods 115 
of rime without any detectable loss of rhod- 
ium, catalyst life, reaction rates, and effi- 
ciencies. This is truly a significant discovery 
since a commercial Oxo process based on 
rhodium complex catalysis must be extremely 120 
efficient, and it must result in practically no 
loss in rhodium values while maintaining 
maximum catalyst activity and solubility. 

This recycle feature may be effected con- 
tinuously or intermittently. At times it may 125 
be desirable to bleed ok a portion of the 



recycle stream to regenerate the rhodiuin cat- 
al>'st, to prevent an extraordinarily build-up 
of the hinh boih'ng liquid condensation pro- 
ducts, etc. It may also be desirable to add 
5 fresh rhodium catalyst either to the recycle 
stream or separately to the hydroformyla- 
tion reaction zone. The temperature of the 
recycle stream does not appear to be critical 
and it may vary from about 20*^0. to the 

10 maximum Oxo temperature contemplated, 
and higher. It is desirable that the recycle 
stream be a solution of the condensation pro- 
ducts^ triorganophosphorus h'gand, and alde- 
hyde products. In this respect, the recycle 

15 stream can tolerate large quantities of such 
ligand and aldehyde products, e.g., a major 
portion by weight of the recycle stream may 
comprise triorganophosphorus ligand plus 
aldehyde products. 

20 Initially, the hydroformylation reacdon 
can be effected in the absence or in the pre- 
sence of small amounts of high boiling Uquid 
condensation products as a solvent for the 
rhodium complex, or the reaction can be 

25 conducted with up to about 70 weight per 
cent, and even as much as about 90 weight 
per cent, and more, of such condensation 
products, based on the total liquid medium. 
Wc feel that this discover>' advances the 

30 rhodium catalj^ed Oxo process to the com- 
mercially practicable range since the expens- 
ive rhodium complex catalyst is maintained 
in active and dissolved form (in such con- 
densation products), and it is available to the 

35 reactants during the inidal as well as recycle 
contacts. 

By the term "high boiling liquid conden- 
sation products" as used herein is meant the 
complex mixture of high boiling liquid pro- 

40 ducts which result from the condensation re- 
acdons of the Q to Qi alkanal, preferably 
Q to Cm alkanal, as illustrated previously 
in the series of equations involving n-butyr- 
aldehyde as the model. Also, as indicated 

45 previously, such condensadon products can 
be prefonned or produced in situ in the Oxo 
process. It is these rcladvely higji boiling 
liquid condensadon products in which the 
rhodium complex species is soluble while ex- 

50 hibiting high catalyst life over extended 
periods of continuous hydroformylation. Of 
the components comprising the hi^ boiling 
liquid condensation products, the hydroxylic 
compounds designated as trimer III, trimer 

55 IV, and tetramer VII represent the princi- 
pal species. 

The hydroformylation process involves 
contacting (1) an alpha-olefin of 2 to 20 car- 
bon atoms, preferably from 2 to 10 carbon 

60 atoms; (2) with carbon monoxide and hydro- 
gen; (3) in the presence of a catalytic quan- 
tity of a complex catalyst consisting essentially 
of rhodium in complex combination with 
carbon monoxide and a triorganophosphorus 

65 ligand, each organo moiety being mono- 



valenriy bonded to the phosphorus atom 
through a carbon atom or an aliphatic etheric 
oxygen atom, said phosphorus atom posses- 
sing one available pair of electrons, said tri- 
organophosphorus ligand having a aHNP 70 
value of at least 425; (4) in the presence of 
high boiling liquid condensation products as 
herein defined as a solvent for said catalyst; 
(5) at least 2 mols of free triorgano phos- 
phorus compound as defined above per mol 75 
of rhodium; (6) at a temperature in the 
range of from 50°C to 145°C.; (7) at a 
total pressure of carbon monoxide and 
hydrogen of less than 450 psia; and (8) a 
partial pressure attributable to carbon mon- 80 
oxide no greater than 75 per cent of said 
total pressure; (9) thereby reacting said 
alpha olefinic compound with said carbon 
monoxide and hydrogen with the formation 
of oxygenated products rich in normal aide- 85 
hydes which have one more carbon atom 
than said alpha olefinic compound. 

It is essential that the aforesaid triorgano- 
phosphorus ligands possess a aHNP value 
of at least 425, and preferably at least 500. 90 
By "aHNP" is meant the difference in the 
half-neutralization potential between the 
ligand under consideration and N,N'-di- 
phenylguam'dine as determined according to 
the procedure set out in the article by C. A. 95 
StreuU, Analytical Chemistry, J2, 985—987 
(1960). The aHNP value is a measure of 
the basicity of the Ugand. For example, the 
relatively strong basic phosphorus-containing 
ligands such as those possessing a aHNP 100 
value substantially below 425 gave complexes 
that were ineffective in the practice of die 
invention as evidenced by a lack of a dis- 
cernible reaction rate and/or low normal to 
branched-chained aldehydic product isomer 105 
ratios. These phosphorus-containing ligands 
which possessed a aHNP value of at least 
425, and preferably at least 500, are relat- 
ively less basic compounds. Complex cat- 
alysts prepared from such ligands effectively 110 
catalyzed die novel process whereby there 
resulted in a product nuxture which con- 
tained a high normal to branched-chained 
aldehydic isomer ratio. 

In Table A below, the aHNP values of 115 
several illustrative phosphorus-containing 
ligands are set out. 



Table A. 

LIGAND aUNF^' 

P(CH3), 114 

P(C.H,), 111 

P(n-C3HT)3 115 

F(n-C,Hoh 151 

P(iso-C,H,), 167 

P(n-C,Ho). 139 

P(2-C«H.-.C.H,). 273 

P(2-n-C,Il>OC2H,)3 162 

P(C«Hn)3 33 

P(CH3)(C,HJ,. 117 



120 



125 
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TABLE A continued 
P(CH3)2(C2H,) 117 
P(CH02(CcH,) 281 
P(C2H,)2(QH,) 300 
5 P(CoHu)2(2-CNQ.H,) 232 
P(CH3)2(2-CNC2H,) 291 
P(n-QH,)2(2-CNC2H^) 282 
P(n-C3Hi,)2(2.CNC2H^) 297 
P{p-CH30GcH,)s 439 
10 P(QH,)3 573 
P(CcH,),(QH,) 400 
PCCcH.Mn-QH^) 400 
P(0-n-QH9)8 520 
P(OCH:,), 520 
15 P(OQH,)3 875 
(1) E. Al. lliorsteinson and F. Basolo. J.Am. 
Chem. Soc. 88, 3929—3936 (1966) C. A. 
Streuli, Analytical Chemistxy, 32, 985 — 
987 (1960). 

20 By way of illustrations, suitable classes of 
triorganophosphorus-containing ligands which 
are contemplated in the practice of the in- 
vention include the trialkylphosphites, the 
triarylphosphites, and the triarylphosphines. 

25 Desirably each organo moiety in the ligand 
does not exceed 18 carbon atoms. The tri- 
arylphosphines represent the preferred class 
of ligands. Specific examples of ligands which 
are suitable in forming die complex cataljrsts 

30 include trimcthylphosphite, tri - n - butyl- 
phosphite, triphenylphosphite, trinaphthyl- 
phosphite, triphenyiphosphine, trinaphthyl- 
phosphine, phenyl diphenylphosphinite, di- 
phenyl phenylphosphonite, diphenyl tris(p- 

35 chlorophenyl)phosphine, tri(p methoxy- 
phenyl)phosphite, and the like. Triphenyi- 
phosphine is the most preferred ligand since 
it resulted in complex catalysts which effect- 
ively catalyzed alpha olefinic compounds at 

40 highly, satisfactory reaction rates and also 
yielded high noimal- to branched-chain alde- 
hydic product isomer ratios. 

As indicated previously, the trivalent 
phosphorus-containing liquid should have a 

45 aHNP value of at least 425. Moreover, these 
ligands should be preferably free of inter- 
fering or so-called sterically hindered groups. 
Ligands such as the triarylphosphines and 
the triarylphosphites which are character- 

50 ized by the presence of "bulky" groups, e.g., 
phenyl or tolyl, in the ortho position of the 
aryl moieties have been observed to give 
catalyst complexes which are unsuitable in 
the practice of the invention. 

55 The novel process contemplates alpha ole- 
fins of 2 to 20 carbon atoms, preferably 2 
to 10 carbon atoms, as reactants in the novel 
process. Such alpha olefin are characterized 
by a terminal ethylenic carbon-to-carbon 

60 bond which may be a vinylidene group, i.e., 
CH2 = G<, or a vinyl group, i.e., 
CHj— CH — . They may be straight-chain 
or branched-chain and may contain groups 
or subsuments which do not essentially inter- 



fere with the course of the novel process. 65 
Illustrative alpha olefinic compounds which 
can be employed as reactants include ethyl- 
ene, propylene, 1-butene, 2 - methyl - 1 - 
butene, 1-pentene, 1-hexene, 1-heptene, 1- 
octene, 2 - ethyl - 1 - hexene, Indodecene, 70 . 
1-octadecene, and the like. 

The novel process is effected in the pre- 
sence of a catalytically significant quantity 
of the complex catalyst. The hydroformyla- 
tion reaction will proceed when employing 75 • 
as httie as about 1 X 10~® mol, and even 
lesser amounts, of rhodivim (from the com- 
plex catalyst) per mol of alpha olefinic feed. 
However, such catalyst concentrations, 
though operable, are not particularly desir- 80 
able since the reaction rate appears to be too 
slow and thus not commercially attractive. 
The upper catalyst concentration limit can 
be as high as about 1 X 10~^ mol, and 
higher, of rhodium per mol of alpha olefinic 85 
feed. However, the upper limit appears to 
be dictated and controlled more by econ- 
omics in view of the high cost of rhodium 
metal and rhodium compoimds. No particu- 
lar advantages at such relatively hi^ con- 90 
centrations are manifest. A catdyst con- 
coitration of from 1 X 10^ mol to 5 X 
10~- mol of rhodium metal per m<A of alpha 
olefinic feed is desirable. A concentration of 
from 1 X 10-^ to 1 X 10^ mol of rhodium 95 
per mol of alpha olefin is preferred. Our ob- 
servations generally indicate that optimum 
results are obtained by employing a catalyst 
concentration faUing within the afore-defined 
preferred range. It is thus apparent that the 100 
concentration of the complex catalyst can 
vary over a rather wide range 

Regardless whether one preforms the 
active complex catalyst prior to introduction 
in the hydroformylation reaction zone or 105 
whether the active catalyst species is pre- 
pared in situ during the hydroformylation re- 
action, it is essential that the reaction be 
effected in the presence of free ligand. By 
"free ligand" is meant the triorganophos- 110 
phorus compounds as exemplified by tri- 
phenyiphosphine that are not tied to or com- 
plexed with the rhodium atom in the active 
complex catalyst. Though we do not wish 
to be held to any theory or mechanistic dis- 115 
course, it appears that one active catalyst 
species contains, in its simplest form, a con- 
centration of triorgano phosphorus ligand and 
carbon monoxide equal to a total of four 
mols in complex combination with one mol 120 
of rhodium. As can be surmised from the 
above discussion, carbon monoxide (which 
incidentiy is also properly classified as a 
ligand) is likewise present and complexed 
with the rhodium in the active species. In 125 
some instances, the active catalyst species 
can also contain hydrogen as ligand. 

The novel process is effected by employing 
a hydroformylation reaction mixture which 
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contains at least 2 mols of free triorgano- 
phosphorus ligand per mol of rhodium. It 
is preferred that at least 10 mol of free tri- 
organophosphorus ligand per mol of rhodium 
5 be employed. The upper limit does not ap- 
pear to be critical and its concentration would 
be dictated largely by conunercial and econ- 
omic considerations. The use of large quan- 
tities of h'gand serves to function as a co- 
10 diluent with the hydroxylic-containing con- 
densation products. 

A unique feature of the invention is the 
expectionally low total pressures of hydrogen 
and carbon monoxide which are required to 

15 effect a conunercial process. Total pressures 
of hydrogen and carbon monoxide less than 
450 psia and as low as one amiosphere, and 
lower, can be employed with effective re- 
sults. Total pressures of less than 350 psia 

20 are preferred. 

The partial pressure of the carbon mon- 
oxide has been found to be an important 
factor in the novel process. It has been 
observed that a noticeable decrease in the 

25 normal/iso aldehydic product isomer ratio as 
the partial pressure attributable to carbon 
monoxide approaches a value of about 75 
per cent of the total gas pressure (CO+Ho). 
In general, a partial pressure attributable to 

30 hydrogen of from 25 to 95 per cent and 
more, based on the total gas pressure 
(CO 4- Ho) is suitable. It is generally ad- 
vantageous to employ a total gas pressiffe 
in which the partial pressure attributable to 

35 hydrogen is greater than the partial pressure 
attributable to carbon monoxide, eg., the 
hydrogen to carbon monoxide ratio being be- 
tween 3:2 and 20: 1. 
Another imponant variable of the novel 

40 process is the exceptionally low operative 
temperatures which can be employed in con- 
junction with the extremely low operative 
pressures and other well-defined variables. 
Our novel process can be conducted at tem- 

45 peratures as low as 50^C and up to 145^=^0. 
with advantageous results. A temperature in 
the range of from 60*^C to 130^C. is pre- 
ferred. 

The concentration of the alpha olefim'c 

50 feed can vary over an extremely wide range. 
For example, one could employ ratios of 
alpha olefinic feed to complex catalyst be- 
tween about 1200:1 and about 1:8. How- 
ever, it must be understood that such ratios 

55 are merely illustrative and higher as well as 
lower ratios are contemplated and are with- 
in the scope of the invention. 

The residence period can vary* from about 
a couple of minutes to several hours in 

60 duration and, as is well appreciated, this 
variable will be influenced, to a certain ex- 
tent, bv the reaction temperamre, the choice 
of the alpha olefinic reactant, of the catalyst, 
and of the ligand, the concentration of the 

65 ligand, the total synthesis gas pressure and 



the partial pressure exerted by its compon- 
ents, and other factors. As a practical matter 
the reaction is effected for a period of time 
which is sufficient to hydroformylate the alpha 
or terminal ethylenic bcmd of the alpha ole- 70 
linic reactant. 

The preparation of the catalysts employed 
in the novel hydrofomiylation reaction is 
documented in the literature. A suitable 
method is to combine the rhodium salt of 75 
an organic acid with the ligand, e.g., tri- 
phenylphosphite, triphenylphosphine, etc., in 
liquid phase. The valence state of rhodium 
may then be reduced by hydrogenaring the 
solution prior to the use of the catalysts 80 
therein. Alternatively, the catalysts may be 
prepared from a carbon monoxide complex 
of rhodium. For example, one could start 
with dirhodium octacarbonyl, and by heating 
this substance with the ligand, the ligand 85 
will replace one or more of the carbon mon- 
oxide molecules, thus producing the desired 
catalyst. It is also possible to start with the 
ligand of choice and rhodium metal; or an 
oxide of rhodium, and prepare the active 90 
catalyst species in situ during the hydro- 
forraylation reaction. 

The hydroformylation process is conducted 
in continuous fashion. If desired, the cat- 
alyst can be added to the hydroformylation 95 
zone batchwise, continuously, or increment- 
aily. Aldehydic products can be recovered 
from the hydroformylation reaction product 
mixture, for example, by first cooling the 
effluent from the hydroformylation zone, then 100 
passing same through a let-down valve 
in which the pressure is substantially re- 
duced, e.g., to atmospheric pressure. There- 
after, the effluent can be passed tfirough a 
first long-tube vaporizer to flash off hydro- 105 
gen, carbon monoxide, imrcacted alpha- 
olcfinic reactant, etc., at ambient tempera- 
ture, and then introduced into a second long- 
tube, which can be maintained at elevated 
temperatures, e.g., 100°C. or less to 160^C. 110 
and higher, at 1 mm. of Hg to 760 mm. of 
Hg (the operative conditions primarily de- 
pending upon the nature of the aldehydic 
products) to thus strip or recover the alde- 
hydes as an overhead fraction. The Uquid 115 
residue fraction comprises scMne unrecovered 
aldehydic product, free triorganophosphorus 
ligand, some high boiling condensation pro- 
ducts, and rhodiimi values. 

The following Examples have been set 120 
out merely to illustrate the process of the 
invention. 

In Examples 1 through 10 below which 
are included for comparative purposes, the 
pressure vessels employed were either 200 125 
milliliters or 775 milliliters in capacity. These 
vessels were heated using oil baths and agi- 
tated by means of magnetic stirrers. The fol- 
lowing is a t5^ical procedure: measured 
quantities of solvent, octene-1, triorgano- 130 
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Example 11. 
(Comparative Example) 
A soludon of 174 g. of n-tridecanal, 34 g. 
of rriphenylphosphine and 0.27 g. of 

5 HRh(C0)(PPh::)3 was heated at 130°C., 
under a nitrogen atmosphere, for 65 hours. 
Analysis at the end of this rime showed that 
50 g. of n-tridecanal had reacted to forai 
high boiling liquid condensadon products. 

10 The above soluuon was charged into a 3- 
liter autoclave. One mole of octene-1 was 
added, the autoclave was then sealed and 
pressurized with 50 psig each of carbon 
monoxide and hydrogen. Rocking of the auto- 

15 clave was b^n and it was heated to 80*^0. 
The temperature was maintained at 80 — 
82°C and the pressure at 100—120 psig by 
periodic addition of 1:1 Ho: CO gas mix- 
ture. After a period of 110 minutes gas ab- 

20 sorption ceased and the vessel and contents 
were cooled and the excess gases were ven- 
ted. Vapor phase chromatography analysis of 
the produrt indicated that n-nonanal and 
alphamethyloctanan were formed in the ratio 

25 7.3:1. 

Example 12. 
High boiling liquid condensation products 
were prepared by heating n-butyraldehyde 
at 100° — llO^C. for two weeks. Unreacted 

30 n-but>Taldehyde was removed by flash distil- 
lation at reduced pressure. The high boil- 
ing liquid condensation products contained 
about 80 weight per cent of trimer III, 
trimer IV, and tetramer VII; about 20 

35 weight per cent of aldol I and substituted 
acrolein II; and very small amounts of tetra- 
mer V and tetramer VI. 

A solution was prepared which analyzed 
8.2 weight per cent cyclohexanone, 74.6 

40 weight per cent high boihng liquid condensa- 
tion prcxiucts, 16.5 weight per cent rriphenyl- 
phosphine ligand, and 488 parts per miihon 
rhodium (analyzed as the metal but present 
as HRh(C0XP^)3. This solution was fed 

45 into a continuous reactor, 2-litcr size, at the 
rate of 1240 gnis/hr. Propylene was fed into 
the reactor at the rate of 129 gms/hr. The 
temperature was maintained at 97°C. and 
the partial pressure of hydrogen was 194 

50 psig and of carbon monoxide was 20.4 psig. 
The effluent from the reactor contained n- 
butyraldehyde and isobutyraldehyde in a 
9.1/1 ratio. 

Example 13. 

55 A 7.2 liter stirred reactor was fed con- 
tinuously with the following: 

Hydrogen: 20.5 cubic feet/hour 
Carbon Monoxide: 10,5 cubic feet/ 
60 hour 

Propylene: 2.1 pounds/hour 
Catalyst Solution: 3000 cc/hour 

The catalyst solution represents the re- 
cycled stream and contains 490 parts per mil- 



lion rhodium calculated as the metal (in the 65 
form, however, HRh(COXP^)3); 6.2 weight 
butyraldehyde products not removed during 
the stripping operation; 12.5 weight per cent 
triphenylphosphine; and high boiling liquid 
condensation products consisting predomin- 70 
antiy of trimer III, trimer IV, and tetramer 
VII, and lesser amounts of dimer V and 
tetramer VI. 

The reactor and contents were maintained 
at 110°C. by means of an internal coil fitted 75 
with steam and cooling water. The total 
pressure was 82 psig, the partial pressures 
being as follows: pCO=10 psia; pH2=37 
psia; and pC3Hc=37 psia. 

The effluent from the reactor was cooled 80 
and then pa^ed through a let-down valve in 
which the pressure was reduced to atmos- 
pheric. The Hquid reaction product mixture 
was then passed through a stainless steel 
long-tube vaporizer to flash off excess Hs, 85 
CO, and CaHc at ambient temperature. 
Thereafter, die liquid reaction mix- 
ture was passed through another long 
mbe vaporizer, maintained at about 
130°C. This served to remove over- 90 
head the bulk of the normal- and iso-butyr- 
aldehydes which were produced at a rate of 
1000 cc/hour. The ratio of normal- to iso- 
but>Taldehyde was 10.5:1. The liquid solu- 
tion recovered from the bottcan of the vapor- 95 
izer is the catalyst solution mentioned above 
and is recycled to the reactor at the stated 
rate. 

This experiment was continued uninter- 
rupted for 720 hours with no detectable loss 
of rhodium or of catalyst activity. 100 
Example 14. 

For the hydroformylation of 1-nonenc, the 
1-nonene is introduced into the reactor at 
the rate of 6.2 pounds/hour. The feed rates 
of hydrogen^ carbon monoxide, and catalyst 105 
solution as well as the partial pressures of 
carbon monoxide and hydrogen and the 
hydroformylation were essentially the same 
as in Example 13 above. The second long 
tube vaporizer is maintained, however, at 110 
about 130°C under a pressure of about 2 
mm. of Hg. in order to vaporize the nor- 
mal- and isodecaidehyde products. The ratio 
of n-decaldehyde to isodecaidehyde is ap- 
proxunateiy 7:1. The recycle solution, i.e., 115 
catal>'st solution, contains about 10 weight 
per cent decanals; about 12 weight per cent 
triphenylphosphine; and high boiling liquid 
condensation products consisting predomin- 
antly of trimer III, trimer IV, and tetramer 120 
VII, and lesser amounts of dimer II and 
tetramer VI 

After 250 hours of uninterrupted operaticm, 
no loss of rhodium or catalyst life is de- 
tected. 125 

WHAT WE CLAIM IS: — 

1. A continuous hydroformylation process 
for the production of oxygenated products 
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rich in nonnal aldehydes which comprises re- 
acting (1) an alpha olefin of 2 to 20 carbon 
atomsi (2) with carbon monoxide and hydro- 
gen; (3) in the presence of a catalytic quan- 

5 tity of a complex catalyst consisting essen- 
tially of rhodium in complex combination 
with carbon monoxide and a triorganophos- 
phorus ligand, each organo moiety being 

10 monovalendy bonded to the phosphorus atom 
through a carbon atom or an aliphatic 
etheric oxygen atcxn, said phosphorus atom 
possessing one available pair of electrons, 
said triorganophosphorus ligand having a 

15 aHNP value of at least 425; and (4) at least 
2 mols of free triorganophosphorus ligand 
as defined above per mol of rhodium; (5) 
at a temperature in the range of from 50®C 
to 145°C.; (6) at a total pressure of carbon 

20 monoxide and hydrogen of less than 450 psia; 
and (7) a partial pressure attributable to car- 
bon monoxide no greater than 75 per cent 
of said total pressure; the hydrofoimylation 
being conducted in the presence of high boil- 

25 ing liquid condensation products as herein- 
before defined rich in hydroxylic compounds, 
as a solvent for said rhodium complex cat- 
alyst. 

2. A process as claimed in claim 1 wherein 
30 said triorganophosphorus ligand is a triaryl- 

phosphine. 

3. A process as claimed in claim 2 wherein 
said triarylphosphine is triphenylphosphine. 

4. A process as claimed in any of claims 
35 1 to 3 wherein the partial pressure attribut- 
able to hydrogen is greater than the partial 
pressure attributable to carbon monoxide. 

5. A process as claimed in any of claims 
1 to 4 wherein the rhodium species is intro- 

40 duced dissolved in high boiling liquid con- 
densation products rich in hydroxylic com- 
pounds, as a solvent therefor 

6. A process as claimed in claim 5 wherein 
the rhodium species is dissolved in a mix- 

45 ture comprising said high boiling liquid 
condensation products and triorganophos- 
phorus ligand, as a solvent therefor. 

7. A process as claimed in any of claims 



1 to 6 wherein said alpha-olefin is propylene. 

8. A process as claimed in any of daims 50 
1 to 7 wherein the phosphorus atom of the 
triorganophosphorus Hgand is trivalent and in 
which each organo moiety is composed of 

(i) carbon and hydrogen atoms, or (ii) car- 
bon, hydrogen, and aliphatic etiieric oxygen 55 
atoms. 

9. A process as claimed in any of claims 
1 to 8 wherein the partial pressure attribut- 
able to hydrogen is in the range of ftom 25 

per cent to 95 per cent based on said total 60 
hydrogen and carbon monoxide pressure. 

10. A process as claimed in any of claims 
1 to 9 wherein the process is carried out for 
a period of time sufficient to hydroformyl- 

ate said alpha olefin thereby producing aide- 65 
hydic products rich in the normal alddiyde 
isomer and which have one more carbon atom 
than said alpha olefinic reactant. 

11. A process as claimed in claim 10 
wherein aldehydic products are butyralde- 70 
hydes rich in the normal butyraldehyde iso- 
mer. 

12. A process as claimed in any of claims 
1 to 11 wherein the active rhodium complex 
catalyst dissolved in high boiling liquid con- 75 
densation products is recycled to the hydro- 
formylation process. 

13. A process as claimed in claim 12 
wherein the recycle stream contains rhodium 
complex catalyst dissolved in a mixture ccan- 80 
prising high boiling liquid condensation pro- 
ducts, triorganophosphorus ligand, and alde- 
hydic products. 

14. A hydroformylation process substan- 
tially as hereinbefore described with refer- 85 
ence to and as illustrated in any one of ex- 
amples 12 to 14. 

15. Oxygenated products whenever pro- 
duced by a process as claimed in any one of 
claims 1 to 14. 90 

W. P. THOMPSON & CO., 
12, Church Street, 
Liverpool, LI 3AB. 
Chartered Patent Agents. 
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